A series of Ag-TiO 2 nanocatalysts were synthesized by a sol-gel method with a doping content up to 2wt%-Ag. The physico-chemical characteristics of the synthesized catalysts were
Introduction
Research into water purification using advanced oxidation technologies is expanding steadily. The majority of investigations on the chloroaromatic compounds are based on photochemical and photocatalytical methods [1, 2] . During the last two decades there has been a growing concern related to the environmental and health impacts and environmental damage due to chlorinated organic compounds [3] . The presence of chlorinated aromatic compounds in the aqueous environment is a consequence of the widespread use of chlorinated organics in a variety of industrial processes. These substances are persistent and have been shown to accumulate in the environment [4] . Adverse effects on the human nervous system have been recently reported and have been linked to many health disorders [5] . Therefore, it is important to find innovative and cost-effective methods for the safe and complete destruction of chlorinated organics such as chlorophenols.
The conventional treatment technologies include biological treatment, adsorption technology, air stripping and incineration. However, those techniques have some limitations and disadvantages. For example biological treatment for the decomposition of many chlorinated phenols have proven inefficient since chlorinated phenols are resistant to biodegradation within an acceptable time period and tend to accumulate in sediments [3, 5, 6] . Chlorophenols do not undergo direct sunlight photolysis in the natural environment since they only absorb light below 290 nm [7] . Therefore the current trend in treatment has moved from phase transfer to destruction of pollutants such as advanced oxidation processes (AOPs). These techniques involve reactive free radical species for non-selective mineralization of organic compounds to harmless end products [8] . Photocatalysis as an abatement method for the degradation of these compounds has been paid promising attention by researchers during the past two decades [4] . Particularly owing to its excellent photocatalytic activity, TiO 2 has been widely studied as an effective photocatalyst for environment purification. Numerous studies have been focused on its unique performance in photocatalytic degradation of toxic organics. However, for practical application, the photocatalytic activity of TiO 2 needs a further improvement. For this reason, a lot of efforts have been made to dope with some transition and noble metals. Recently, researches have demonstrated that the addition of certain metals, such as platinum (Pt), palladium (Pd), gold (Au) and some semiconductors can effectively enhance the degradation efficiency of photocatalytic reaction [9] . The enhancement of photodegradation efficiency by the addition of metals like silver (Ag) may be attributed to the rapid transfer of the photogenerated electrons from the semiconductors to the metal particles, resulting in the effective separation of the electrons and holes [10] .
This present work focuses on the photocatalytic properties of Ag-TiO 2 catalysts prepared by an ultrasonic-assisted sol-gel technique. These catalysts were tested in the photocatalytic degradation of 2,4,6-trichlorophenol (TCP). The influence of the Ag content on the photocatalytic activity, surface properties, optical absorption and other characteristics of the photocatalysts have been investigated.
Experimental

Materials
Tetra-n-butyl titanate (Ti(O-Bu) 4 ) and silver nitrate (AgNO 3 ) with analytical grade were purchased from Aldrich Chemical Company and used as titanium and silver sources for preparation of TiO 2 and Ag-TiO 2 photocatalysts. TCP (2,4,6-trichlorophenol) was also obtained from Aldrich Chemical Company with analytical grade and used without further purification.
Deionzied and distilled water was used for preparation of all solutions.
Preparation of photocatalyst
A series of Ag-TiO 2 TiO 2 samples were prepared by the ultrasonic-assisted sol-gel method. In which 21 mL of Ti(O-Bu) 4 was added into 80 mL of absolute ethanol, and the resulting Ti(O-Bu) 4 -ethanol solution was stirred in an ice bath, and then 2 mL of water and 0.2 mL of HNO 3 (50%) were added to another 80 mL of ethanol to make an ethanol-water-HNO 3 solution. The ethanol-water-HNO 3 solution was slowly added to the Ti(O-Bu) 4 -ethanol solution under stirring and cooling with ice [11] . When the resulting mixture turned to be sol, the AgNO 3 solution was dripped in it. The dispersion was placed in a supersonic bath, stirred vigorously with a glass-stirring rod, and kept at 25 o C throughout the whole process. After sonification for 30 min, 2 mL of water was dripped into the dispersion gradually until gel was formed. The gel was placed for 24 h at room temperature and then dried at 70 o C under a vacuum condition and then ground. The resulting powder was calcined at 500 o C for 4 h for further studies. A pure TiO 2 sample was also prepared by the same procedure without addition of AgNO 3 solution.
Characterization of photocatalysts
To study the texture and morphology of TiO 2 and Ag-TiO 2 catalysts, the transmission electron microscopy (TEM) and electron dispersive spectroscopy (EDS) was applied using a JEOL JEM -2011 microscope operated at 200 keV. In which the samples were well dispersed in ethanol by sonication and deposited on a carbon film supported on a copper grid for TEM and EDS analyses.
The crystalline phase of the synthesized TiO 2 and Ag-TiO 2 catalysts was analyzed by Xray powder diffraction (XRD) using a Philips X-ray diffractometer (PW 3020) with Cu K  radiation ( = 0.154060 nm). The accelerating voltage of 40 kV and an emission current of 30 mA were used.
X-ray photoelectron spectra (XPS) were recorded with a PHI Quantum ESCA microprobe system using a MgK  excitation source. Calibration of the spectra was done at the C 1s peak of surface contamination taken at 1253.6 eV. The fitting of XPS curves was analyzed with the software of Multipak 6.0A.
To understand the effect of Ag doping on the band gap of the films, both optical absorbance and spectroscopic ellipsometry measurements were carried out for the Ag-TiO 2 films coated on microscopic slides. In which thin films of the TiO 2 and Ag-TiO 2 were prepared by coating corresponding sols onto microscopic slides by dip-coating for optical absorbance properties studies. The optical absorbance spectra were recorded in the spectral range from 1100 to 190 nm by using a Perkin-Elmer 25 spectrometer. The spectroscopic ellipsometric data were recorded in the spectral range of 0.72-5.2 eV by using a Woollam M2000UI ellipsometer. The spectroscopic ellipsometry data were collected for two different incidence angles of 65° and 75°.
The ellipsometer measures the complex ratio of the Fresnel coefficients for s-and p-polarized light and reports the ratio in terms of the ellipsometric parameters psi () and del(). From the ellipsometry measurements, information about the optical properties of the films can be derived by theoretical simulations by adopting different oscillator models. In this study, the Tauc-Lorentz oscillator model was applied for simulations [12, 13] . The theoretical simulations yield the thickness and the dielectric function (DF) of the films. Expressions for the joint density of states were considered for optical transitions from the valance band to the conduction band. From this density of states, the imaginary part of the DF is modeled and then the real part is calculated by fast Fourier transformations to satisfy the causality (Kramers-kronig relation) from this DF. The extinction coefficient of the photocatalysis is eventually determined. Several research groups have successfully used this model to derive the optical properties of the oxide films and more details can be found in the literature [14] [15] [16] .
Set up of photocatalytic reactor
All photoreaction experiments were carried out in a photocatalytic reactor system, which consists of a cylindrical borosilicate glass reactor vessel with an effective volume of 250 mL, a cooling water jacket, and a 8-W medium-pressure mercury lamp (Institute of Electric Light Source, Beijing) positioned axially at the center as a UV-A light source with a main emission at 365 nm. The reaction temperature was kept at 25 o C by cooling water. A special glass grit as an air diffuser was placed at the bottom of the reactor to uniformly disperse air into the solution.
Experimental procedure
To investigate the effects of Ag doping on the photocatalytic activity of TiO 2 , the photocatalytic degradation of TCP was carried out in the TiO 2 /Ag-TiO 2 suspension under UV-A irradiation. The reaction suspension was prepared by adding 0.25 g of catalyst into 250 mL of aqueous TCP solution with an initial concentration of 20 mg L -1 . Prior to photoreaction, the suspension was magnetically stirred in a dark condition for 30 min to establish an adsorption/desorption equilibrium status. The aqueous suspension containing TCP and photocatalyst were then irradiated under UV-A light with constant aeration. At the given time intervals, the analytical samples were taken from the suspension and immediately centrifuged at 4,000 rpm for 15 min, and then filtered through a 0.45 m Millipore filter to remove the particles. The filtrate was analyzed for determining the degree of the TCP degradation.
Analytical methods
TCP concentration was analyzed by HPLC (Finnigan Mat Spectra system P4000). In which, an Atlantis Tm C-18 column (5 m particle size, 150 mm length and 4.6 mm inner diameter) was employed and a mobile phase of acetonitrile/water (6.5:3.5, v/v) with 1% acetic acid was used at a flow rate of 0.8 mL min -1 . An injection volume of 20 L was used and the amount of TCP was determined by a UV detector. Dissolved organic carbon (DOC) concentration was determined by a TOC-analyzer (Shimadsu 5000A) equipped with an auto sampler (ASI-5000). The concentration of chloride ion was determined by ion chromatography with a conductivity detector (Shimadzu HIC-6A). [17, 18] . In addition to the characteristic peak of 101 plane, diffraction peaks corresponding to rutile titania also appeared on the pattern at 2 = 27. where I A denotes the intensity of the strongest anatase reflection, and I R is the intensity of the strongest rutile reflection. For a given sample, the ratio I A /I R is independent of fluctuations in diffractometer characteristics.
Results and discussion
Characteristics of TiO
The calculated results of W A for all samples are presented in Table 1 , which indicate that the 0.5% Ag-TiO 2 and 1% Ag-TiO 2 had the W A values of 73.80% and 92.39% higher than that of pure TiO 2 (69.90%). It might be concluded that the content of rutile decreased owing to Ag doping. Ag might be adsorbed on the more active face of rutile preventing thus its further growth. Hence the anatase phase dominates over rutile. Based on the XRD results, the crystallite sizes of the TiO 2 and Ag-TiO 2 powders were calculated using the Scherrer equation [20] and were found to be between 27 nm and 43 nm. The lattice parameters "a" and "c" [21] were determined to be 0.38 nm and 0.95 nm in all the samples. This might be illustrative of no impact of Ag on the TiO 2 unit cell. Again it might not be isomorphously substituted in the TiO 2 lattice.
So it might present as a separate entity without reacting with the predominant anatase lattice. The results of crystal size (D) and the distance (d hkl ) between crystal planes of A101 peak in the anatase of all the catalysts are also shown in Table 1 . From the data, it can be seen that the TiO 2 powder with Ag doping had only slight changes in its crystal phase, quantum size, and crystal parameter, which should not affect their photoactivity very much.
XPS analysis
The XPS spectra of catalysts are shown in Fig. 2 
TEM analysis
The TEM photograph of Ag-TiO 2 hybrid particles are shown in Fig. 3 Ti can be observed. Quantitative analysis of Ag-TiO 2 was found to be about 0.6% of Ag in the mixture in agreement with the added amount. In the meantime, element Cu was also detected, which was from the supporting copper grid.
Optical absorbance and spectroscopic ellipsometry
The optical absorbance spectra of the Ag-TiO 2 films were measured in the UV-Vis region as shown in Fig. 5 . It is evidenced that upon increase of the Ag doping content, the absorption edge shifts towards a longer wavelength, which indicates the decrease of the band gap. The typical spectroscopic ellipsometry spectra of a 0.5% Ag-TiO 2 sample coated on a microscopic slide are shown in Fig. 6 . As discussed in the experimental section, typical experimental scans have been performed for two different incidence angles of 65° and 75°. The experimental data were analyzed by an adjustable parameter model, to obtain a viable optical model compromising both microstructural parameters and optical constants of the film. Furthermore, the Tauc-Lorentz oscillator model has been used to describe the optical constants of the material. From the results in Fig. 6 , it is clear that the theoretically simulated curves (solid line) agree with the experimental data (depicted using circle) very well and hence the material property can be described accurately. The variations of extinction co-efficient of undoped TiO 2 and 0.5% Ag-TiO 2 are shown in Fig. 7 . It is clear the decrease of absorption edge upon increasing Ag doping content is an indication of the decrease of band gap. A similar trend was also observed in our optical absorbance measurements (refer to Fig. 5 ). The calculated values of band gap are listed in Table   2 . In conclusion upon increasing the Ag doping content, it is possible to tune/change/decrease the band gap of TiO 2 which makes this material more attractive for photocatalytic applications, because the electron-hole pair separation efficiency induced by enhancing the charge pair separation and inhibiting their recombination by the Ag dopant.
It is well known that the photocatalytic activity of TiO 2 depends upon three factors [10] :
(i) the electron-hole pair production capacity, (ii) the separation efficiency of the photogenerated charge pair, and (iii) the charge transfer efficiency of the holes and electrons to compounds adsorbed on TiO 2 . Chao et al. has reported band gap broadening of the sol-gel prepared TiO 2 films [10] . Upon increasing Ag doping content they observed band gap broadening and it is unfavorable for the photocatalytic activity and they have identified that this is because of anatase grain decrease. But in our Ag-TiO 2 cases the anatase grain increases with increasing Ag dopant and from our optical studies we observed band gap shortening. Because of this band gap shortening, the yield of photogenerated electron-hole pair increases and it is more favorable for photocatalytic activity of TiO 2 .
Photocatalytic degradation of TCP in aqueous suspension
To evaluate the photocatalytic activity of Ag-TiO 2 and find out the optimum content of Ag impurity, a set of experiments for TCP degradation with an initial concentration of 20 mg L -1 under UV-A irradiation was carried out in aqueous suspension using TiO 2 or Ag-TiO 2 catalysts with a Ag content between 0.1wt% and 2.0wt%, and the experimental results are shown in Fig.   8 . The experimental results demonstrated that after 120 min reaction, TCP in all the suspensions were reduced by more than 95%. Among them, the 0.5% Ag-TiO 2 catalyst achieved the highest efficiency of the TCP degradation. A further more Ag content on TiO 2 seems to be detrimental to the TCP photodegradation efficiency. It was found that the pseudo-first-order kinetics was obeyed for the photocatalytic degradation of TCP. The calculated kinetic constants are listed in Table. 3 and show a maximum value at the Ag content of 0.5wt%.
From the Fig. 8 , the results show that the photocatalytic activity of pure TiO 2 is lower than that of Ag-TiO 2 with Ag content below 1.0wt%. It implies that the Ag dopant promotes the charge pair separation efficiency for TiO 2 catalysts. It may be explained that at the Ag content below its optimum level, the Ag particles deposited on the TiO 2 surface can act as electron-hole separation centers [17] . The electron transfer from the TiO 2 conduction band to metallic Ag particles at the interface is thermodynamically possible because the Fermi level of TiO 2 is higher than that of Ag metal [24] . This results in the formation of a Schottky barrier at metalsemiconductor contact region and improves the photocatalytic activity of TiO 2 . On the contrary, at the Ag content beyond its optimum value, the Ag particles can also act as recombination centers, thereby decreasing the photocatalytic activity of TiO 2 . It has been reported that the probability for the hole capture is increased by the large number of negatively charged Ag particles on TiO 2 at high Ag content, which reduces the efficiency of charge separation [25, 26] .
In this study, the Ag-TiO 2 sample under UV-A irradiation demonstrated a considerable degradation of TCP in aqueous solution.
Photocatlaytic mineralization of TCP in aqueous suspension
To study the mineralization of TCP in this photocatalytic reaction, the experiment of TCP degradation with initial TOC concentration of around 7 mg L -1 was carried out for 120 min and seven samples in each test were collected at the time intervals of 0, 10, 20, 40, 60, 90, and 120 min, respectively and analyzed for TOC concentration. The TOC concentration with an initial value of 7 mg L -1 in TCP solution decreased significantly during the photoreaction by using all the prepared photo-catalysts as shown in Fig. 9 . It was found that the TOC removals with pure TiO 2 , 0.1% Ag-TiO 2 , 0.5% Ag-TiO 2 , 1% Ag-TiO 2 , 1.5% Ag-TiO 2 and 2.0% Ag-TiO 2 were achieved by 66%, 78%, 79%, 75%, 53% and 50%, respectively after 120 min reaction. These results indicated that 0.5% Ag-TiO 2 achieved the highest TOC removal, which was also matched with the TCP degradation results.
During the photocatalytic degradation of TCP, dechlorination to convert chlorines into chloride ions is a key step for detoxication. To determine a mass balance for the dechlorination of TCP, chloride ion concentration (Cl -) was monitored during TCP degradation. The existent concentration ratios of TCP, TOC and Cl -vs. time are shown in Fig. 10 . The results demonstrated that TCP completely disappeared within the 1st h and chloride formation occurred accordingly, but TOC had 20% leftover after 2 h. It is indicated that the TCP degradation and its dechlorination are faster than its mineralization. The decomposition of TCP proceeds a chlorine-released pathway, due to chloride concentration increased when TCP degreased simultaneously.
After 1 h, chloride ions were released completely, while TOC still remained, indicating only chlorine-free intermediates and final products in the solution at the end of reaction.
Conclusions
In the present work, an enhancement of the photocatalytic activity of TiO 2 catalyst by doping with silver has been confirmed in the degradation of 2,4,6-trichlorphenol as a model 
